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ϩ channel family are important determinants of cardiac and neuronal membrane excitability. Recently, we and others have shown that Kv7 channels are also crucial regulators of smooth muscle activity. The aim of the present study was to assess the K v7 expression in different parts of the murine gastrointestinal (GI) tract and to assess their functional roles by use of pharmacological agents. Of KCNQ/Kv7 members, both KCNQ4/K v7. 4 and KCNQ5/Kv7.5 genes and proteins were the most abundantly expressed Kv7 channels in smooth muscles throughout the GI tract. Immunohistochemical staining also revealed that Kv7.4 and Kv7.5 but not Kv7.1 were expressed in the circular muscle layer of the colon. In segments of distal colon circular muscle exhibiting spontaneous phasic contractions, the nonselective K v7 blockers XE991 and linopirdine increased the integral of tension. Increases in the integral of tension were also observed under conditions of neuronal blockade. Similar effects, although less marked, were observed in the proximal colon. As expected, the Kv7.1-selective blocker chromanol 293B had no effect in either type of segment. These data show that K v7.x especially Kv7.4 and Kv7.5 are expressed in different regions of the murine gastrointestinal tract and blockers of Kv7 channels augment inherent contractile activity. Drugs that selectively block Kv7.4/7.5 might be promising therapeutics for the treatment of motility disorders such as constipation associated with irritable bowel syndrome.
colon; voltage-gated K ϩ channel; KCNE THE MOVEMENTS OF THE CONTENTS of the gastrointestinal (GI) tract rely on the coordinated contractions of the smooth muscles that surround each specialized region. Contractility of GI tissues is dependent on several governing factors and is different between each anatomically defined segment. The coordinated response of the smooth muscle depends on the influences, in each region, of the enteric nervous system, the intrinsic pacemaker cells [interstitial cells of Cajal (ICC)], endocrine and paracrine mediators, and the intrinsic spontaneous excitability of the smooth muscle cells. Much is now known about the ionic conductances responsible for the formation of electric slow waves and the maintenance of the resting membrane potential of smooth muscle and ICC (2, 14, 30, 37, 40 -42) . However, there is still a lack of information about the fundamental K ϩ channels suppressing gastrointestinal smooth muscle (GISM) contractility although K v 1.2/K v 1.5 [4-aminopyridine (4-AP) sensitive] and K v 2 [tetraethylammonium (TEA) sensitive] contribute significantly to delayed rectifier K ϩ currents (5, 13, 24, 25, 29, 33) . Recently, K ϩ channels encoded by KCNQ genes have been identified as major regulators of vascular contractility (4, 10, 16, 18, 23, 50) . K v 7.1-K v 7.5, encoded by KCNQ1-5 genes, are voltage-gated K ϩ channels that exhibit minimal inactivation and a negative activation threshold (15, 28, 31) , whose pharmacological and biophysical characteristics are modulated by association with KCNE gene products (20) . The physiological role of KCNQ gene products has been studied extensively in cardiac myocytes, neurons, and epithelia cell and their importance in regulating membrane excitability is highlighted by mutations in several members of KCNQ and KCNE underling inherited diseases such as cardiac long QT syndrome, epilepsy, and deafness (15, 28) . In vascular smooth muscle cells, the expression of KCNQ1, -4, and -5 dominates, but functional experiments with a range of pharmacological tools suggest that K v 7.4 and K v 7.5 have a greater physiological impact. In contrast to the recent studies on vascular smooth muscle, there is relatively little information on the expression and functional impact of KCNQ genes in visceral tissues although K ϩ currents suppression by phospholipase C-linked receptors, analogous to neuronal M-channels, has been observed in toad stomach (36) . The expression and functional role of KCNQencoded potassium channels has been determined in murine myometrium (19) , and initial evidence of KCNQ gene expression in gastrointestinal smooth muscles was reported in rat gastric antrum smooth muscle (22) . However, no further studies have been conducted since that report, when less was known about the diversity of K v 7 channels.
The aim of the present study is to determine the molecular identities and potential functional role of each of the known K v 7 channels in murine GISMs. To address this issue, RT-PCR (real-time PCR and cell-based RT-PCR) and immunochemical (Western blotting, immunohistochemistry) examinations were performed to identify the molecular components of K v 7 and KCNE members in murine GISMs. Finally, we establish the functional role of these channels for the first time by examining the effects of K v 7 channel modulating agents.
MATERIALS AND METHODS
Dissection of smooth muscle layers and isolation of smooth muscle cells. Adult BALB/c mice were killed by cervical dislocation in accordance with the protocols approved by the Institutional Animal Care and Use Committees of Nagoya City University, University of London, and University of Nevada. Segments of tissues were pinned in a dissecting dish with the mucosa facing upward. The mucosa and submucosa were removed by sharp dissection. Small portions of the circular smooth muscle tissue were placed on the Ca 2ϩ -free Hanks' solution containing (in mM) 125 NaCl, 5.36 KCl, 15.5 NaOH, 0.336 Na 2HCO3, 0.44 KH2PO4, 10 glucose, 2.9 sucrose, and 11 HEPES. Strips of tissue were incubated in a Ca 2ϩ -free Hanks' solution containing collagenase (Sigma-Aldrich, St. Louis, MO), fatty acidfree bovine serum albumin, and trypsin inhibitor (Sigma-Aldrich) at 37°C for 8 -12 min. Resulting isolated smooth muscle cells were differentiated by their characteristic morphology and were collected through applied suction by aspirating them into a wide-bore patchclamp pipette (borosilicate glass). Approximately 50 smooth muscle cells were collected, flash frozen in liquid nitrogen, and stored at Ϫ80°C until use for cell-based RT-PCR.
Total RNA extraction and cell-based RT-PCR. As previously reported (23), total RNA was extracted from tissues and isolated smooth muscle cells with the use of a TRIzol RNA purification kit (Invitrogen, Carlsbad, CA) and a SNAP total RNA isolation kit (Invitrogen), respectively. cDNA synthesis was performed by using the SuperScript II RNase H Ϫ (Invitrogen), and 500 g/l of oligo(dT) primer were used to reverse transcribe the RNA sample. The resulting cDNA product was amplified with gene-specific primers by PCR. The amplication profile for these primer pairs were follows: a 10-s denaturation step at 94°C, a 10-s annealing step at 60°C, and a 30-s primer extension step at 72°C. Since several reports have identified spliced variants of KCNQ1 (23), KCNQ2 (21) , and KCNQ5 (49), we designed PCR primers from the conserved region of their respective spliced variants.
For cell-based RT-PCR, the amplification was performed for 40 (for KCNQ) and 37 (for KCNE) cycles. The amplified products were separated by electrophoresis on a 2% agarose/1 ϫ TAE (Tris-acetic acid-EDTA) gel, and the DNA bands were visualized by ethidium bromide staining. Specific primers were designed for nonquantitative, cell-based RT-PCR to determine relative levels of expression of KCNQ4, KCNQ5, and KCNE4, as follows: KCNQ4 (GenBank accession number AF249747): 18 -582, amplicon ϭ 565 bp; KCNQ5 (AF263836) 112-606, 495 bp; KCNE4 (NM_021342) 197-581, 385 bp. The no-template control (NTC) was a PCR amplification for which the template was not added, controlling for nonspecific amplification and spurious primer-dimer fragments. Negative controls were subjected to a second round of amplification to assure specificity of the reaction and the quality of the reagents. ␤-Actin primers were used to confirm that the products generated were representative of RNA (498 bp) and not contaminated with genomic DNA (intron containing 708 bp band) because these primers were designed to span an intron as well as two exons. Each amplified product was sequenced by the chain termination method with an ABI PRIZM (model 310) (Applied Biosystems, Foster City, CA).
Quantitative, real-time PCR. Specific primers were designed for quantitative, real-time PCR to determine relative levels of expression of KCNQ and KCNE subtypes in GI smooth muscles. Quantitative, realtime PCR performed with the use of SYBR Green chemistry on an ABI 5700 sequence detector (Applied Biosystems) as previously reported (23) . Regression analysis of the mean values of six multiplex RT-PCRs for the log10 diluted cDNA was used to generate standard curves. Unknown quantities relative to the standard curve for a particular set of primers were calculated, yielding transcriptional quantitation of KCNQ and KCNE gene products relative to the endogenous standard (␤-actin). The reproducibility of the assay was tested by ANOVA comparing repeat runs of samples, and mean values generated at individual time points were compared by Student's t-test.
Western blot. Membrane protein fractions were prepared from murine GI layers using similar procedures as previously reported (23), and proteins (50 g/lane) were subjected to SDS-PAGE (10%). The blots were incubated with rabbit anti-KCNQ4 (Kv7.4) (H-130) and anti-KCNQ5 (Kv7.5) (H-170) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and then incubated with anti-rabbit horseradish peroxidaseconjugated IgG (Chemicon International, Temecula, CA). An enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ) was used for the detection of the bound antibody. Resulting images were analyzed by a LAS-1000 device (Fujifilm, Tokyo, Japan).
Immunohistochemical analyses. Segments of distal colon where fixed in cold 4% paraformaldehyde for 1 h at 4°C. The preparations were subsequently washed several times in phosphate-buffered saline (PBS) and then cryoprotected overnight in PBS containing 10% sucrose and 0.01% sodium azide. Segments were then embedded in Tissue-Tek OCT compound (Sakura Finetek, Zoeterwoude, Netherlands) and gradually frozen at Ϫ80°C. Frozen sections (4 m) were collected on polylysine-coated slides and stored at Ϫ20°C for future use. Sections that had been allowed to air dry at room temperature for 1 h were washed in PBS (5 min) to remove residual OCT compound. Endoperoxidase and serum blocking steps were then performed, per the manufacturers' instructions for the immunostaining kits used (ImmunoCruz; Santa Cruz Biotechnology). Primary antibodies, diluted in the appropriate serum block, were applied to the sections for 18 h at 4°C. After a wash in PBS (5 min), a biotinylated secondary antibody was applied (30 min) and the sections were washed in PBS (5 min). A solution of streptavidin-conjugated horseradish peroxidase (HRP) was applied to the sections (30 min), prior to a final wash in PBS. Finally, a diaminobenzidine-HRP (DAB-HRP) reaction was performed until such time as immunolocalization was apparent. Negative controls were performed by incubating sections in the appropriate control serum alone and run in parallel for each experiment. A number of primary antibodies were tested. Those that produced the most specific staining with the least amount background staining were: anti-Kv7. Measurements of contractile responses. Adult BALB/c mice were killed by cervical dislocation and the colon was removed and transferred to a Krebs' solution (composition in mM: 119 NaCl, 5.4 KCl, 2.5 CaCl2, 0.6 KH2PO4, 1.2 MgSO4, 25 NaHCO3, and 11.7 glucose). After gently flushing any fecal pellets from the lumen, 3-to 4-mm segments taken from the first centimeter after the cecum, (termed "proximal") and the last centimeter before the anus (termed "distal") were carefully mounted on two stainless steel supports in a myograph (Danish Myo Technology, DMT, Aarhas N, Denmark) for recording of isometric force production. The myograph chamber was filled with Krebs, maintained at 37°C and continuously bubbled with 95% O2-5% CO2. After equilibrating at 37°C, an initial passive tension of 12 mN was applied to the preparation, followed by several washes in Krebs. In many preparations, spontaneous contractile activity subsequently developed and stabilized over a period of 1 h. In some preparations, particularly those which returned to a low resting tension, passive tension (12 mN) was reapplied. Spontaneous contractile activity generally developed in such preparations. Responses to different agents were quantified by measuring the integral of tension over a 5-min period immediately before the application of a drug (control) and 30 min after drug application.
Solutions and reagents. XE991 was purchased from Ascent Scientific (Weston Super Mare, UK), linopirdine from Sigma (Poole, UK), and -conotoxin MVIIC and tetrodotoxin from Calbiochem (Nottingham, UK). Retigabine was a gift from Dr. Schwake, University of Kiel, Kiel, Germany.
RESULTS

Quantitative determination of the transcriptional expression of KCNQ and KCNE subtypes in murine gastrointestinal smooth muscles.
Recent studies have shown that KCNQ genes are expressed and have a functional impact in various types of smooth muscles (10) . In the present study, we first examined the relative transcriptional expression of KCNQ and KCNE subtypes to ␤-actin in colon, jejunum, stomach fundus, and stomach antrum by quantitative, real-time PCR analysis (Fig. 1, 
A-D).
Of the five KCNQ subtypes both KCNQ4 and KCNQ5 were expressed abundantly in all GISMs examined (Fig. 1, A-D) . In contrast, KCNQ1-3 expression was negligible in GISM (less than 0.009 relative to ␤-actin in all GI smooth muscles examined, n ϭ 5 for each). As positive controls, expression of KCNQ1, KCNQ2, and KCNQ3 was 0.019 Ϯ 0.001 (in heart), 0.069 Ϯ 0.004 (in brain), and 0.024 Ϯ 0.006 (in brain), respectively (n ϭ 5 for each). Yeung et al. (49) revealed that vascular smooth muscles expressed an exon 9-lacking spliced isoform of KCNQ5 (KCNQ5⌬exon9). Similar to vascular smooth muscle GISM also expressed the KCNQ5⌬exon9 isoform (not shown). Of five KCNE subtypes (KCNE1-5), KCNE4 alone was abundantly expressed in all GISMs examined (Fig. 1, A-D) and was more abundantly expressed in the distal compared with proximal colon (Fig. 1E) . In contrast, KCNE1, -2, -3, and -5 expression was less than 0.005 in all GISMs examined (n ϭ 5 for each). As positive controls, their expression in brain was 0.014 Ϯ 0.005 (KCNE1), 0.065 Ϯ 0.009 (KCNE2), 0.021 Ϯ 0.005 (KCNE3), and 0.063 Ϯ 0.004 (KCNE5) (n ϭ 5 for each).
To confirm that the smooth muscle cells expressed KCNQ4 and 5, cell-based RT-PCR analyses were performed on freshly isolated murine GISM cells (GISMCs). As shown in Fig. 2A , KCNQ4, KCNQ5, and KCNE4 signals were easily detected in all GISMCs examined, whereas no detectable signals were observed in negative controls [without primers (no primers) and without template cDNAs (NTC)]. These results indicate that the transcripts of KCNQ4, KCNQ5, and KCNE4 are present in murine gastrointestinal smooth muscle cells. These results suggest that homo-and/or heterotetramer of K v 7.4 and/or K v 7.5 may contribute to outward currents in murine GISMCs, and KCNE4 may also be a significant regulatory component of outward currents. Protein expressions of K v 7.4 and K v 7.5 in murine GI smooth muscles. We next determined the protein expressions of K v 7.4 and K v 7.5 using Western blot and immunohistochemical techniques. As shown in Fig. 2B , Western blot analysis revealed single bands specific for anti-K v 7.4 and anti-K v 7.5 antibodies with molecular weights of ϳ80 and 100 kDa in plasma membrane fractions of murine GISMs: colon, jejunum, stomach fundus, and stomach antrum. These signals were not apparent when the primary antibody was preabsorbed with excess antigen (not shown).
Since GI tissues comprise a number of different functional layers, immunohistochemical experiments were undertaken to identify the location of K v 7 proteins in slices of mouse colon.
Similar to previous work (35) antisera raised against K v 7.1 stained the colonic crypts epithelium intensely but was completely absent from the muscle layers (Fig. 3A) . Antisera raised against K v 7.4 and 7.5 also stained the colonic crypt cells but immunoreactivity for these proteins was also apparent in the muscle layers (Fig. 3, B and C) . Unlike K v 7.1 staining K v 7.4 was immunodetected in both the longitudinal and circular smooth muscle (Fig. 3B) with the former appearing more intense. Staining for K v 7.5 was obvious in the circular layer of muscle (Fig. 3C ) and was also found in the myenteric region between the circular and longitudinal muscle layers, possibly due to labeling of myenteric neurons or ICC (data not shown). Similar staining was obtained with matched control sections exposed to control rabbit or goat serum were indistinguishable from one another, with only very faint staining of the epithelium apparent (Fig. 3D) . These data revealed that colonic smooth muscle express only K v 7.4 and K v 7.5.
Functional experiments. After a period of equilibration all segments of mouse colon exhibited spontaneous contractile activity. The proximal segments only displayed a single type of high-frequency contraction whereas in segments of distal colon two distinct types of contraction were observed: low-amplitude, high-frequency contractions (LAHFs), and high-amplitude, low-frequency contractions (HALFs). HALFs were observed in 53% of segments before any drugs were added whereas LAHFs were always observed. In control conditions, HALFs had an average amplitude of 22.12 Ϯ 2.02 mN and a mean duration of 29.0 Ϯ 1.27 s and occurred at an average frequency of 0.003 Ϯ 0.0003 Hz (n ϭ 12 animals). In comparison, LAHFs in control conditions had an average amplitude of 0.77 Ϯ 0.17 mN and were apparent at a frequency of 0.23 Ϯ 0.02 Hz (n ϭ 20). In many preparations in which HALF contractions were dominant, each large contraction was followed by a few minutes of suppressed LAHF activity.
A functional role for K v 7 channels in the colon was assessed by using different pharmacological tools. All K v 7 channels are inhibited by the nonspecific K ϩ channel blocker TEA to varying degrees (IC 50 3-30 mM) (12) , as well as the selective agents XE991 and linopirdine at low micromolar concentrations (28, 44, 50) but are relatively unaffected by 4-AP up to 5 mM (28). K v 7.1 channels, but not K v 7.2-7.5, are also blocked by chromanol 293B (IC 50 ϳ30 M) (17) . In contrast, retigabine activates K v 7.2-7.5 with EC 50 s ϳ5 M (32, 39) but has no stimulatory effect on K v 7.1 channels. Application of XE991 to segments of distal colon caused an increase in spontaneous contractile activity (Fig. 4A) , which was concentration dependent (Fig. 4B) . Table 1 shows the effect of XE991 on individual contractile parameters for both HALFs and LAHFs. Linopirdine (10 M) also increased the spontaneous contractile activity (Fig. 4C) with the mean integral of tension increasing by 222 Ϯ 36% (n ϭ 10, P Ͻ 0.05). The effects of XE991 were compared with those of 4-AP. Application of 1 mM 4-AP evoked an increase in the mean integral of tension by 32.6 Ϯ 13.7% (n ϭ 7), which was less than that produced by XE991 (increase was 223 Ϯ 86% in paired tissues). Subsequent addition of 10 M XE991 in the presence of 1 mM 4-AP increased the mean integral of tension by a further 63.5 Ϯ 20.1% (n ϭ 4). The effect of XE991 and linopirdine was not mirrored by the K v 7.1-selective blocker chromanol 293B (30 M; Fig. 4D ), which had no significant effect on the mean integral of tension (mean integral was reduced by 36 Ϯ 13% of Fig. 2 . Cell-based RT-PCR and Western blot analyses in murine GISMs. A: PCR products were generated through the use of gene-specific primers for KCNQ4, KCNQ5, and KCNE4 for 45 (KCNQ) and 40 cycles (KCNE). Amplified products were separated on 2.0% agarose gels and were identified by ethidium bromide staining. A 100-bp molecular weight ladder was used to estimate the size of the amplicon and the migration is shown on the right. Similar results were obtained from 3 separate experiments. B: the membrane fractions extracted from GI smooth muscles were immunoblotted with anti-Kv7.4 (top) and anti-Kv7.5 (bottom) antibodies (at 1:200). Molecular mass standards are shown in kilodaltons at right. control, n ϭ 4), suggesting that K v 7.1 does not have major functional impact in this tissue.
In contrast to the marked effects in the distal colon, application of XE991 or linopirdine had minimal effects in segments of proximal colon (data not shown). Hence, no stimulatory effect was observed with 0.01-1 M XE991 although 10 M XE991 increased the mean integral of tension by 217 Ϯ 119% (n ϭ 4, *P Ͻ 0.05); 10 M linopirdine also had a small but significant effect on contractile activity (n ϭ 3). Overall these data show that blockade of K v 7 channels other than K v 7.1 increased contractility markedly in segments of distal colon and had a small effect on the less active proximal segments.
Involvement of nerves. It is possible that the increase in contractile activity produced by the K v 7 channel inhibitors was due to blockade of K v 7 channels located on myenteric nerve terminals. Consequently, experiments were undertaken in the presence of two different neurotoxins. The fast sodium channel blocker tetrodotoxin (1 M) and the N-, P-, and Q-calcium channel blocker -conotoxin MVIIC (1 M) completely inhibited any spontaneous HALF activity in the distal colon and frequently increased baseline LAHF activity. In the presence of 1 M tetrodotoxin or 1 M -conotoxin MVIIC, application of XE991 (1 and 10 M) elicited a generalized increase in LAHF activity (Fig. 5, A-C) but did not result in HALFs reappearing. Interestingly, application of a lower concentration of -conotoxin MVIIC (100 nM), which was sufficient to abolish HALF contractions, did not prevent restoring HALF activity in the presence of 10 M XE991, and the frequency and amplitude of contractions are rather increased compared with control conditions (Fig. 5D) . Chromanol (30 M) had no stimulatory effect on contractile activity in the presence of -conotoxin MVIIC (mean effect was a reduction of 26 Ϯ 6%, n ϭ 3). These data suggest that the excitatory effect of XE991 was not due to blockade of neuronal K v 7 channels and a subsequent increase in neurotransmitter release.
Effect of the Kv7 activator retigabine. To consolidate the work with K v 7 blockers experiments were performed with the K v 7.2-K v 7.5 activator retigabine (32, 38, 39, 47) . Application of 20 M retigabine, a concentration shown to augment K v 7 activity (20 M) and to relax precontracted blood vessels (50), inhibited ongoing HALFs or LAHF activity (Fig. 6) . Irrespective of the contractile pattern exhibited by the tissues, retigabine (20 M) inhibited spontaneous contractile activity by 68.9 Ϯ 6.7% of the integral of tension (n ϭ 4, P Ͻ 0.05). The inhibitory effect was not reversed by application of the nonselective K v channel blocker 4-AP (1 mM), but 10 M XE991 increased the integral of tension significantly (577 Ϯ 252%, n ϭ 4, P Ͻ 0.01). In tissues exhibiting LAHFs, inhibition by retigabine resulted in an initial slight increase in HALF activity (Fig. 6) as the suppressive events associated with LAHF discharge were removed, followed by a progressive reduction in HALF contractions. These observations suggested that retigabine influenced myenteric nerves as well as smooth muscle activity. Consequently, experiments were undertaken in the presence of -conotoxin MVIIC to remove nerves' input. Under these conditions retigabine produced a rapid suppression of HALF activity with the mean integral of tension being reduced by 68.7 Ϯ 6.4 (n ϭ 3, P Ͻ 0.05). These data are consistent with K v 7 channels other than K v 7.1 having a crucial role in the distal colon.
DISCUSSION
K v 7 channels are emerging as major regulators of smooth muscle contractility (4, 10) in addition to their accepted roles in the heart and neurons. To date most research on smooth muscle KCNQ gene expression and K v 7 channel function has been undertaken on vascular myocytes (16, 18, 23, 48 -51) . Consequently, the present study represents the first extensive characterization of KCNQ expression in the GI tract and a determination of a functional role for the expression products in regulating colonic activity. The data clearly show that the most abundant transcripts throughout the GI tract are KCNQ4 and KCNQ5 as well as the auxiliary subunit KCNE4. Moreover, 
Each value is the mean of 4 experiments with the range shown in parentheses. LAHFs, low-amplitude, high-frequency contractions; HALFs, high-amplitude, low-frequency contractions. P values represent paired Student's t-test. Fig. 5 . Effect of XE991 in distal colon segments in the presence of neurotoxins. A: tetrodotoxin (1 M) abolishes HALF activity and increases baseline LAHF activity. Addition of XE991 (10 M) causes an additional increase in LAHF activity. B: in a segment exhibiting LALF activity only, tetrodotoxin increases LAHF activity, and addition of XE991 causes a further increase in contractility. C: a concentration of -conotoxin MVIIC (1 M) that is sufficient to block all prejunctional neuronal calcium channels has a similar effect as tetrodotoxin on LAHF and HALF activity. Addition of XE991 caused an increase in LAHF activity in these conditions. D: a lower concentration of -conotoxin MVIIC (100 nM) inhibited HALF activity, without modifying LAHF contractions. Under these conditions, addition of XE991 appeared to restore HALF contractions and increase their frequency compared with those observed under control conditions. K v 7.4 and K v 7.5 proteins were apparent in the muscle layers as well as the epithelium whereas K v 7.1 was localized in the epithelium only. This finding suggests that in addition to the accepted role of K v 7.1/KCNE3 in colonic epithelium (35) , K v 7.4 and 7.5 may also be key regulators of colonic fluid balance.
Because K v 7 channel expression was highest in the colon, we focused our attention on the potential functional roles for these channels in this tissue using pharmacological tools. XE991 blocks heterologously expressed K v 7 channels with an IC 50 ϳ1 M (43) except for K v 7.5, which is less sensitive (IC 50 ϳ60 M) (34, 49) . Linopirdine is slightly less potent than XE991 (IC 50 values ϳ4 -8 M) (44) . At the concentrations used in the present study (0.01-10 M) neither XE991 nor linopirdine has any known effect on any conductance other than K v 7 channels (see Refs. 10 and 50 for more complete discussion). Similarly, retigabine has only been shown to activate K v 7.2-7.5 channels (32, 39, 47) and to augment XE991-sensitve K ϩ currents in vascular myocytes (51) at the concentrations used in the present study. With the above caveats in mind, we now show that increasing K v 7 opening probability with retigabine or blockade with XE991/linopirdine had marked inhibitory and excitatory effects on spontaneous colonic motility, respectively. However, careful consideration must be given to the cellular target of these compounds. The activity of GI preparations in vitro is determined by the complicated balance of the influences of pacemaker ICC, the inherent spontaneous property of smooth muscle cells and the enteric nervous system (14, 30). As in numerous other studies of preparations of mouse colon (3, 8, 26, 27) , these preparations generally exhibited spontaneous activity. This consisted of either LAHF or HALF contractions. HALF activity was consistently inhibited by agents that interfere with neurotransmission (tetrodotoxin and -conotoxin MVIIC), strongly suggesting that this activity is regulated by the myenteric plexus in some way and may represent the motor complexes observed to migrate regularly in longer segments of this preparation (26) . The LAHF activity that persisted in the presence of neuronal blockade was an intrinsic property of the smooth muscle layer and/or ICC network. Our data point to a direct effect of K v 7 blockers and retigabine, and hence an involvement of K v 7 channels, on this intrinsic activity. Thus, although XE991 produced an increase in HALF activity in preparations already exhibiting these contractions, it never evoked HALF contractions in preparations not undergoing this kind of spontaneous activity. Indeed, in preparations demonstrating baseline LAHF activity, XE991 caused an obvious increase in frequency and amplitude of these contractions. Furthermore, the effect of XE991 was similar in preparations in which HALF activity had been abolished by neuronal blockade, leaving only the LAHF contractions. Finally, we observed no K v 7 immunoreactivity in myenteric ganglia nor nerve terminals in the smooth muscle layer to suggest that XE991 had an indirect action on smooth muscle cells within the preparation. Our combined molecular, biochemical, and pharmacological findings point overwhelmingly to a role for K v 7.4/7.5 channels in the ICC or smooth muscle layer of the colon.
It is difficult to dissect the relative contributions of the intrinsic myogenic activity of colonic smooth muscle, the influence of pacemaker ICC and the enteric nervous system. A previous study showed an abundance of transcripts for KCNQ5 in intramuscular interstitial cells of Cajal in the small intestine [ICC associated with the deep muscular plexus (ICC-DMP) in that organ] (6), and some discreet labeling with anti-K v 7.5 was observed in the myenteric region between the circular and longitudinal muscle layers in the present study. Our working model for the activity of the mouse colon is one in which ICC generate the pattern for HALF activity but are rigidly controlled by the influence of the enteric nervous system. Therefore, under conditions of neuronal blockade, only the influence of unstimulated ICC, or indeed the intrinsic contractility of the smooth muscle cell layer alone, is apparent. Since the ICC network and smooth muscle layer are a functional syncytium (31) , it is impossible to determine from the present experiments whether XE991 depolarized ICC or the smooth muscle layer to elicit an excitatory effect. The simplest explanation consistent with findings in vascular smooth muscle (50) is that the K v 7 channels expressed on GISM are the major target of K v 7 blockers to increase colonic motility in this preparation. This does not discount the possibility that a significant fraction of the expression of these channels might be localized to ICC. This is interesting since K v 7 channels are involved in neurotransmission in the central nervous system (15) , and the intramuscular ICC in the GI tract make synaptic contacts with enteric motor neurons and mediate postjunctional responses to both nitrergic and cholinergic neurotransmission (45, 46) . Ongoing work in our laboratories aims to determine the cell type-specific expression of K v 7 channels and whether our present findings are applicable to other species, including human. In the presence of low concentrations of -conotoxin MVIIC (100 nM) sufficient to suppress HALF activity, XE991 restored HALF contractions. This concentration of -conotoxin MVIIC blocks excitatory neurotransmission but was probably insufficient to inhibit inhibitory motor drive to the smooth muscle, since it did not mimic the effects of TTX or a high concentration of -conotoxin. Basal inhibitory motor activity is known to dominate in this preparation, where TTX increases contractility and/or causes smooth muscle depolarization (1, 7, 9, 37) . By increasing smooth muscle sensitivity to excitatory stimuli, XE991 appeared to be able to restore the partial paralysis of HALF activity induced by low concentrations of -conotoxin MVIIC. The logical corollary to this is that blockade of K v 7 channel in the smooth muscle by XE991 amplified the cellular effect of reduced transmitter release, highlighting the key role of K v 7 channels as suppressors of colonic contractility. It would be of considerable interest to determine whether XE991 has a similar effect in models of GI disease that have been shown to cause alterations in muscle activity and sensitivity to neurotransmitters. Thus, on the basis of our data, it would appear that K v 7-blocking drugs might be valuable therapeutics in human disease, where similar changes are observed.
Interestingly, XE991 was a far more effective stimulant in the distal compared with proximal colon. We postulated that this reflected a difference in the levels of KCNQ gene expression between the two regions. However, there was no difference in the relative abundance of KCNQ4 or -5 transcripts in these regions but there was a significant disparity in KCNE4 expression. The protein encoded by this gene suppresses K v 7.1 channel activity but augments K v 7.4 activity (11). It is tempting to speculate that the functional impact of the K v 7 channels in the colon may be regulated by the expression of KCNE proteins, which allows the level of functional control to be finely tuned.
In conclusion, the results of the present study strongly suggest that K v 7 channels encoded by KCNQ genes are important in limiting contractile activity in the gastrointestinal tract, and particularly in the colon. Our findings suggest the K v 7.4 and K v 7.5 may be the specific members of this family that play a role in these tissues. The excitatory effect of K v 7 activators suggests that similar compounds with increased selectivity for these members of the K v 7 channel family may be useful drugs in the treatment of chronic constipation associated with irritable bowel syndrome and similar motility diseases.
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